Activable enriched stable isotopes can play a unique role in studies of nutritional status, metabolism, absorption rates, and bioavailability of minerals. As a practical example, eight juvenile athletes were selected to test the absorption rates of iron during training and non-training periods by enriched stable isotope of Fe-58 (enriched degree: 51.1%) via activation analysis γ) Fe-59 of the collected feces samples. The results indicated that the average iron absorption rates of the juvenile athletes with and without training are 9.1 ± 2.8 and 11.9 ± 4.7%, respectively, which implies that the long-term endurance training with high intensity makes the iron absorption rate of athletes lower. In the meantime, the comparison of the activable enriched isotope technique with atomic absorption spectrometry was performed, which showed that the former was better than the latter in reliability and sensitivity. It is because this nuclear method can distinguish the exogenous and endogenous iron in the samples, but not for non-nuclear methods.
Introduction
Activable enriched stable isotope technique (AESIT) is one of the isotopic tracer techniques. Compared with a relatively common radioactive isotope tracing, it possesses the following merits and drawbacks [1] [2] [3] . First, there is no radiation damage. Thus, it is especially suit-able for the radiation-sensitive population, e.g., children, pregnant women, elderly, and immuno-deficient subgroups. Second, there is no radiolysis effect, which makes it possible to label the metalloorganic macromolecules, e.g., metalloproteins and metalloenzymes, with long-term stability. However, the determination of stable isotopes is more difficult than radioactivity counting. Thus, the cost for AESIT is higher than for radioactive tracers.
AESIT has been widely used to study the nutritional status, metabolism, absorption rate, and bioavailability of minerals in organisms [4] [5] [6] [7] [8] . In many cases it is not replaceable by other techniques, even by radioactive isotope tracing.
Anemia is one of the common epidemic diseases caused by nutrient deficiency and other factors. The proportion of this disease is 10% to 30% in industrialized countries and 30% to 90% in developing countries [9] . Many athletes suffer this disease [10] , which severely affects their sport levels. Long-term endurance training with high intensity leads to numerous changes in the normal physiological and biochemical functions of athletes' bodies. One of the symptoms is iron-deficiency anemia. In the study of anemia, the absorption rate of iron is one of the important indicators. Although some non-nuclear methods (like atomic absorption spectroscopy, AAS) have been developed to determine the absorption rate of iron, their reliability is skeptical. These methods cannot distinguish the endogenous or exogenous iron in the human body. We used the enriched stable isotope Fe-58 to determine the absorption rate of juvenile athletes for iron via the activation reaction of Fe-58 (n,γ) Fe-59, which is easily detected by gamma counting of the radioactivity of the activation product Fe-59.
Experimental
In AESIT some general guidelines have to be followed. The natural abundance of the selected stable isotope should be as low as possible, at least below 10 %. The enriched stable isotope should be easily prepared and at low cost, and the enriched abundance should exceed its natural one at least by a factor of 10. The cross-section of neutron activation reaction of this isotope should be high; and the activation product should be easily detected with proper half-life and gamma radiation energy. The stable isotope Fe-58 was selected to monitor the absorption rate of iron because of its proper nuclear properties-its natural abundance -0.31%; the cross-section of activation reaction Fe-58 (n,γ) Fe-59 -0.98 barn; the half-life of Fe-59-45 days and its main gamma ray energy-1099 and 1291 keV.
Subjects
Eight 15 to 18 year-old normal juvenile athletes were selected from the Beijing Si-Sa-Hai Sport School. There iron absorption rates were determined twice, once during the training period and another time during a non-training period. Each period lasted two weeks. Their diets were strictly controlled and recorded during the whole study. The subjects were not allowed to consume any extra food. This experiment was approved by the Ministry of Hygiene and all the subjects signed a consent form.
Determination method of absorption rate of iron by AESIT of Fe-58
The enriched stable isotopes of Fe-58 (enriched degree 51.1%) were purchased from Chinese Institute of Atomic Energy, Beijing, as a chemical species of Fe 2 O 3 . A bit of hydrochloric acid was used to dissolve the Fe 2 O 3 , which was then diluted with deionized water.
On the 8th or 9th day of the experiment, the diluted Fe-58 solution was orally administered to the subjets. In order to define the excretion time of the feces labeled by Fe-58 for five days, coccinellin capsules were taken by the subjects with supper on the first day and with breakfast on the sixth day after administration of Fe-58.
Sample diets were collected for five days after administration of Fe-58 and homogenized in an agitator with an appropriate amount of deionized water. The iron content in the diets was analyzed by atomic absorption spectroscopy (AAS) and the iron intake for each subject was then estimated.
After administration of Fe-58 the feces samples were collected when the coccinellin first appeared and continued until the coccinellin again appeared. The feces samples were homogenized with an appropriate amount of a solution of ethanol and sulfuric acid. A big portion of the samples was weighed and ashed at 480°C for 24 hours in a muffle furnace; 100 mg of the ashed feces samples were packaged in high pure aluminum foil for irradiation in a nuclear reactor.
Four portions of 0.1 ml oral Fe-58 solution each were pipetted into clean polyethylene film, dried under an infrared lamp, and finally packaged using filter paper and aluminum foil for irradiation.
The above samples (feces and oral Fe-58 solution) were irradiated at neutron flux of 2.3 × 10 13 n/cm 2 .s for 80 hours. After cooling for 30 days, the radioactivity of Fe-59 in the samples was counted by high pure germanium detector connected to Ortec multichannel analyzer (USA). The peak areas at 1099 and 1291 keV were taken for calculation of Fe-58 content in the samples.
Calculation of absorption rate of iron
The absorption rate of iron in the athletes' bodies was calculated by the following formula :
Absorption rate of iron (%) = (total intake amount of Fe-58 -total excretion amount of Fe-58 in feces)/ total intake amount of Fe-58 × 100%.
The total intake amount of Fe-58 includes that from the added Fe-58 solution and that from the diet, which contains natural Fe-58. The latter can be calculated by the iron content in the diet multiplied by its natural abundance 0.3 %. The total amount of Fe-58 excreted in the feces included that from the fraction of Fe-58 non-absorbed by the gastrointestinal tract after its administration and that from the natural Fe-58 excreted. The latter can be neglected in comparison with the former. Thus, the total Fe-58 amount in feces represents the non-absorbed Fe-58 amount.
In addition to AESIT, AAS was also used to determine the absorption rate of iron in these athletes by a Type GGX-5 atomic absorption spectrometer. It used a 5 mA lamp currency, 2483 nm wavelength, 0.1 nm slit; combustion-supporting gas 6 L/minute; and acetylene 1.6 L/minute. The absorption rate of iron was estimated on the basis of the balance method.
Results and discussion
The iron absorption rates for 8 juvenile athletes during training and non-training periods as determined by the enriched stable isotope Fe-58 are listed in table 1. The iron absorption rates during training varied from 4.4T to 13.0 % with an average of 9.58 ± 2.90%, and were much lower than those during the non-training period which ranged from 5.1% to 17.0% with an average of 12.7 ± 4.7%. All subjects, except one, showed a higher absorption rate of iron during training than during non-training. The statistical t-test indicates a significant difference (p < .05) between them. On average the iron absorption rate of the juvenile athletes during non-training was about 24% higher than during training. This implies that during high intensity training the juvenile athletes need to be supplemented with iron-fortified food to compensate for the lower iron bioavailability.
The average iron absorption rates for the same subjects as determined by AAS are 3.3 ± 1.2% and 4.2 ± 2.4%, respectively, during training and non-training. Although the variation in the iron absorption rate for the athletes was similar, their absolute values were much lower than those determined by AESIT. One possible reason lies in the excretion of endogenous iron from the gastrointestinal tract, which is not distinguished by AAS. Endogenous iron comes from secretion of intestine mucus, excretion of bile, permeation of hemoglobin from blood vessels into the intestine, shedding of epithelial cell into the gastrointestinal tract, excretion of the Paner lymph gland into the ileum. The endogenous daily iron excreted can reach 0.2 to 0.5 mg for normal people [11] . It can be neglected as compared with the Fe-58 amount used in the activable enriched stable isotope method, because the excreted endogenous Fe-58 is only 0.0006 to 0.0015 mg, much lower than the oral uptake of Fe-58 (0.923 mg) in this experiment. However, in the AAS experiment the endogenous iron excreted from gastrointestinal tract has to be taken into account, which amounts to about 5 to 10% of the total iron in feces.
Conclusions
The iron absorption rates of eight juvenile athletes as determined by AESIT of Fe-58 were 9.68% and 12.7% during training and non-training periods, respectively. Thus, the supplementation with iron-fortified foods is desirable for athletes during training. A comparison of AESIT and AAS indicated that AESIT is more reliable and sensitive than the AAS, because it can distinguish endogenous and exogenous iron. Thus, activable enriched stable isotope tracing is an ideal method to study the distribution, accumulation, metabolism, absorption rate, and bioavailability of minerals and other nutrients in humans, especially in radiationsensitive populations.
